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Abstract 
In the present work we grow self-organized Ta2O5 nanotube layers in a H2SO4/NH4F 
electrolyte at various elevated temperatures. Under optimized conditions we obtain 4 µm long 
nanotubes that are well adherent to the substrate and can be grown very homogenous over 
large surface areas. Moreover, the key advantage of this approach is that an open top 
morphology (initiation layer free) is obtained. After a suitable conversion treatment in NH3 
atmosphere Ta3N5 nanotubes are obtained, that after (Co-Pi+Co(OH)x) modification provide, 
under AM 1.5G illumination conditions, a photoelectrochemical current response of 4.7 mA 
cm
-2
 at 1.23 V vs RHE. 
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1. Introduction 
In the past years, one-dimensional (1D) semiconductor nanostructures such as 
nanotubes, nanowires, nanorods, have gained an increased scientific and technological interest 
[1-3]. These structures present an advantageous combination of high surface area, advanced 
transport properties and diffusion pathways (e.g. TiO2 nanotubular layers), and have found 
wide applications in electronic, photoelectronic, electrochemical and photoelectrochemical 
devices [4].  
One of the most promising semiconductors for PEC water splitting is Ta3N5 ( with a 
band gap of 2.1 eV), which can be obtained from Ta2O5 by a high temperature treatment in 
NH3 atmosphere. Therefore, suitable 1D tantalum pentoxide nanostructures (Ta2O5) became 
highly investigated and can be fabricated by various methods, such as hydrothermal [5, 6], 
vapor phase hydrothermal [7,8] and electrochemical anodization [9]. Electrochemical 
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anodization provides the advantage of obtaining highly aligned and directly back-contacted 
electrodes of nanostructured oxides on the Ta surface [10-12]. 
To utilize the full potential of these one-dimensional nanotubular layers as precursors 
for Ta3N5 structures for PEC water splitting, an open top morphology is desired as it provides 
un-blocked diffusion pathways of the reactants and products. However, controlling the Ta-
oxide nanotube morphology by anodization is still challenging. For example, open and well 
adherent Ta2O5 nanotubes are reported by Cong et al. [13], in a sulfuric acid free electrolyte, 
but these nanostructures are short (~40 nm long). When H2SO4 is used [11, 14], much longer 
(~ 5 µm) and open (initiation layer free) Ta2O5 nanotube layers are obtained, but 
unfortunately are only poorly adherent to the substrate [11,14]. Throughout all existing 
literature, the key weakness is the combination of all desired features that is well adherent, 
long and open nanotubes.  
Following, Su et al. [15] report the fast formation of well-ordered Ta2O5 nanotube 
arrays (by a 2 seconds galvanostatic anodization). However, despite the very fast formation, 
the nanotubes are closed at the top and a further chemical etching procedure as well as an 
ultrasonication are needed to open the tubular top surface, that also cause a partial removal of 
the nanotubular layer from the Ta substrate, thus leading to very small functional areas. 
Additionally, we report in our previous work [16] the growth of ~4.5 µm long, well 
adherent, vertically aligned Ta2O5 nanotubes, though these layers present a less homogenous 
structure with a top initiation layer (covering the tubes), typical for anodization under the used 
conditions. Moreover, in a very recent report, Zhang et al. [17] and Wang et al. [18] show the 
formation of Ta2O5 nanotubes by a two-step anodization method at low temperatures.  
In the present work, we report the formation of long, well adherent and open (initiation 
layer free) Ta2O5 nanotube arrays grown in very short times on large surface areas. These 
nanostructures can only be obtained by a double step anodization process at high temperature 
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and with specific ramping speed. After conversion to Ta3N5, a further modification with co-
catalysts is performed (in order to suppress photocorrosion and improve the overall PEC 
performance [6-8,13,15-21]), and we evaluated various co-catalyst as well as different 
combinations based on Co(OH)x and Co–Pi. Such type of nanotubes provides, due to their 
open nature, a significantly increased PEC water splitting performance, i.e. 4.7 mA/cm
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compared to 0.4 mA/cm
2
 at 1.23 V vs RHE for a non-open nanotubular structure. 
2. Experimental  
Prior to anodization, Ta foils (99.9%, Advent) with a thickness of 0.1 mm were 
grinded with SiC paper 1200, cleaned by ultrasonication in acetone and ethanol (5 minutes 
each) and dried in a nitrogen stream. The electrochemical anodization process took place in a 
two electrode system with a distance between the working electrode (Ta foil) and the counter 
electrode (Pt foil) of about 1 cm. The electrolyte used was a solution of 45 ml H2SO4, 2.5 ml 
Glycerol, 2.5 ml H2O and 0.5 g NH4F. The samples were anodized at a constant voltage of 
60V for 10 min at different temperatures (RT, 40°C, 60°C and 80°C) to obtain Ta2O5 NTs.  
During the anodization, the Ta substrate temperature was set to constant values from 40°C to 
80°C using a heating plate controlled by a thermostat. Further on, a double anodization 
method with and without ramping was used at 80°C: namely, first a Ta2O5 nanotube layer was 
grown at 60V for 10 min and removed by a decal process using scotch tape. The remaining 
predimpled metal sheet was used as substrate in a second anodization step at 60V for 1 
minute. For the ramping process, the anodization voltage was swept from 0 to 60V with 20 
V/s. After anodization, the as prepared Ta2O5 nanotube layers were rinsed in ethanol and 
dried in N2. Ta3N5 nanotubes were obtained by nitridation of Ta2O5 nanotubes in a horizontal 
quartz tube furnace under ~200 sccm NH3 flow at 1000 
0
C for 2 h [16]. 
For the Co(OH)x co-catalyst treatment, Ta3N5 nanotubes were immersed in a mixed 
solution of 0.2 M CoSO4 and 0.1 M NaOH (1:2) for 15 min, then rinsed with deionized water 
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and finally dried in N2 [16]. For the Co-Pi treatment, the catalyst was anodically deposited on 
the Ta3N5 nanotube surfaces in a solution of 0.5 mM Co(NO)3 in 0.1 M potassium phosphate 
buffer at pH=7 at 1 V for 8 min [15]. 
PEC water splitting measurements of the nanotube photoelectrodes were carried out in 
a three-electrode configuration using an Ag/AgCl reference electrode and a Pt foil counter 
electrode. The measured potential versus Ag/AgCl was converted to the RHE scale according 
to the Nernst equation (ERHE = EAg/AgCl + 0.059 pH + 0.197). 1 M KOH solution (pH=13.7) 
was used as the electrolyte. The photoelectrodes were illuminated with  chopped AM 1.5G-
simulated sunlight at 100 mW cm
-2
 with different scan rates of 2, 10 and 30 mV s
-1
. 
A field-emission scanning electrode microscope (Hitachi FE-SEM S4800, Japan) was 
used for the morphological characterization of the electrodes.  
The chemical composition of cobalt loaded Ta3N5 photoanodes was investigated by X-
ray photoelectron spectroscopy (PHI 5600, spectrometer, USA) using AlKα 
monochromatized radiation. The sputter depth profiles were obtained by Ar
+
 sputtering up to 
50 nm (after sputtering, high resolution spectra were acquired). Shifts in spectra were 
corrected using the C1s peak at 284.4 eV. The fitting of the peaks was performed in Multipak 
software. 
3. Results and Discussions 
Ta-oxide tubes were grown by potentiostatic anodic oxidation of Ta in H2SO4 based 
electrolyte. Figure 1 shows current-transient curves obtained during anodizing of the Ta foil at 
60V for 10 minutes at four different temperatures: room temperature (RT), 40, 60 and 80°C. 
All the curves show the three characteristic stages of nanotubes formation. In the initial stage 
of anodization, the current is dropping according to the high field mechanism and a compact 
oxide layer grows. In the second stage, initiation of irregular penetration of the compact layer 
with nanoscopic pores occurs and finally steady growth of self-ordered pores takes place. The 
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initial layer on top of the ordered pores is commonly named initiation layer. In many cases 
this initiation layer, if not chemically dissolved during anodic growth or otherwise removed 
after the process, covers the tubes. In stage III, steady nanotube growth is established and is 
usually under diffusion control.  The tubes grow continuously in length at relatively constant 
current densities. With increasing the anodization temperature, differences can be observed in 
the nanotube formation stages. The position of the characteristic wave for nanotubes 
formation observed in the current densities (due to higher active surface area of the nanotubes 
bottoms) shifts towards shorter anodization times, thus indicating that organized Ta2O5 
nanotube formation takes place at an earlier stage. Moreover, the more pronounced shape at 
80°C may indicate that tube formation takes place more simultaneously over the whole 
substrate, thus resulting in a homogenous layer thickness. 
 The top-view and cross-section SEM images presented in Figure 2a show the effect 
of anodization temperature on the morphology of the Ta2O5 nanotubes array (corresponding 
to the current-transient curves from Figure 1), while the relationship among length, surface 
morphology and adherence to the substrate of the tubes with different anodization 
temperatures is summarized in Figure 2b. When anodization takes place at RT (without 
temperature control), a top porous initiation layer is formed (indicated in the top-view SEM 
image), with cracks all over the anodized surface [16]. With increasing anodization 
temperature to 40°C, no major difference can be observed in the top morphology and the 
nanotubes present a similar initiation layer. A reason for this could be the Joule-heating 
effects at the metal-electrolyte interface due to the current which is passing through the metal-
electrolyte interface during anodization [22]. However, from the SEM cross-section images it 
is evident that the nanotubes have already a more homogenous shape. A further increase in 
the anodization temperature, up to 60°C, brings the first obvious changes in the top 
morphology: that is, the top initiation layer becomes thinner and if the anodization is carried 
out for longer than 5 minutes (see Figure 2b), the obtained nanotubular layer presents a 
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partially open surface morphology. Moreover, when the anodization process is carried out at 
80°C, a significant improvement in the top morphology can be observed from early 
anodization times (Figure 2b), where the nanotubes show an even more open surface after 
only 3 minutes of anodization. SEM cross-section images reveal an increase of the average 
tubular layer thickness from ~4.5 μm at room temperature [16] to 6.3 μm at 40°C, 8.6 μm at 
60°C and 21.8 μm at 80°C. Nevertheless, if a certain layer thickness is exceeded (higher than 
10 μm), the adherence of the layer to the metal substrate is affected, resulting in a lift off of 
the Ta2O5 nanotube layer (upper dashed line in Figure 2b). Anodization at lower temperatures 
(RT or 40°C) for even longer times leads to longer tubes accompanied by lift off too, but no 
opening of the tubes is achieved at all. 
The inset in Figure 2b depicts the growth rate of the nanotubes (layer thickness per 
amount of charge) versus the different temperatures, evaluated from SEM cross-sections. The 
growth rate drops by increasing the temperature or, in other words, the nanotubes are grown 
in a less efficient way at high temperatures (but overall faster). This may be attributed to the 
higher chemical dissolution rate of Ta2O5 at elevated temperatures, leading to a thinning of 
the inititation layer and leaving the tubes more open. Similar observations were reported for 
another valve metal oxide, namely TiO2 [23]. 
Considering that anodization at high temperature (i.e 80°C) shows the strongest effect 
on diminishing of the initiation layer (compared to all the other tested temperatures), but not 
its removal, additional optimization of the anodization conditions at 80°C was required to 
obtain a completely open top morphology. As previously reported, the ordering and opening 
of anodic TiO2 nanotubes may be improved by using “double step anodization” and ramping 
to reach the final voltage [23,24]. Therefore, Ta2O5 nanotubes were grown using a two-step 
anodization process at 80°C, with and without ramping, where pre-dimpled metal sheets 
(dimples remained after removal of the first anodization layer) were used as substrate for the 
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second anodization step. Different sweep rates were tested (e.g. 5, 10 and 20V/s) and it was 
observed that with increasing ramping speed, a larger opening of the top surface is obtained. 
Therefore, we focused on a sweep rate of 20V/s (see Figure 3a) where a completely open top 
morphology is achieved. On the other hand, with double anodization but without ramping, the 
top surface remains partially closed; nevertheless, there is an improvement in morphology as 
compared to samples without “double step anodization”, see Figure 2a 80°C. No clear 
differences were observed in the nanotube length, meaning that ramping is just affecting the 
thickness of the initiation layer on top of the tubes and not the total nanostructure 
morphology. 
To study the impact of the open top morphology of the nanotubular layers on the solar 
PEC water splitting performance, the 4µm long Ta2O5 nanotubes (previously shown in Figure 
3a) were converted by a high temperature treatment in NH3 atmosphere to Ta3N5. While the 
open top morphology remains intact after nitridation, a decrease of the length [16] to ≈3µm is 
observed (Figure 3a).  Figure 3b shows the photocurrent transients of the layers grown by 
double step anodization (see Figure 3a) and the reference (grown at RT conditions), loaded 
with Co(OH)x as co-catalyst, in 1 M KOH (pH 13.7). In comparison to the reference and the 
sample without ramping, an enhancement in the photoelectrochemical current response from 
0.4 mAcm
-2
 up to 1.5 mAcm
-2
 at 1.23 V vs RHE, is observed only for the completely open 
nanotubular sample (with ramping). On one side, this may be ascribed to a better and more 
efficient loading of the co-catalyst over the more open nanotube structure and, therefore, more 
active surface and, on the other side, the open tubes provide better diffusion pathways (access 
of the electrolyte, transport of evolved O2 away from the tubes) during the PEC process.   
To gain more insights into the loading distribution of co-catalyst on the different 
nanotube layers (open vs closed), X-ray photo-electron spectroscopy (XPS) depth profile 
measurements were conducted for the double step anodization with ramping and for the 
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reference from Figure 3b, and the amount of cobalt was analyzed. The results are plotted in 
Figure 3c. As XPS is a surface sensitive method, cobalt co-catalyst loadings on top of the 
nanotubes before sputtering are 5.9 at% for open tubes and 4.3 at% for covered nanotubes. 
However, by using depth sputtering, only minor changes in the Co loading are observed after 
removing 50 nm of the nanotubes tops and analyzing the composition again. This observation 
indicates that the co-catalyst loading in open and closed nanotubes seems to be similarly 
hindered. Thus suggesting that penetration/diffusion of reactants and products play a more 
significant role in the enhancement of the photocatalytic activity of the open tubes. 
 Due to the better PEC water splitting performance reported above (see Figure 3b), the 
open top nanotubular layers were further used to verify this effect by applying different co-
catalysts loading procedures, namely Co(OH)x (immersion method), Co–Pi (electrochemical 
deposition method), as well as new combinations of Co(OH)x and Co–Pi. Figure 4a shows the 
current-potential curves of the electrodes with a scan rate of 2mV/s. Co–Pi/Ta3N5 nanotube 
photoanode shows better performance under low bias than the Co(OH)x/Ta3N5. This result is 
in line with literature [13], showing that the Co-Pi decoration by electrodeposition is an 
effective treatment for shifting the photocurrent onset potential in the negative direction. 
Moreover, when the photoanode is treated with a Co-Pi co-catalyst combined with an 
additional immersion in Co(OH)x solution (Co-Pi+Co(OH)x/Ta3N5), an enhancement in the 
photoelectrochemical current response up to 3.1 mAcm
-2 
at 1.23 V vs RHE is observed, as 
compared to one step treated photoanodes (namely Co(OH)x/ Ta3N5 and Co-Pi/Ta3N5). 
Applying the mixed co-catalyst the other way around (that is, Co(OH)x+Co-Pi/Ta3N5), the 
combined treatment is less effective but still better than one step Co(OH)x or Co-Pi. 
To make our results comparable to literature data, as reports are available for PEC 
performance using different sweep rates of 2mV/s [16], 10 mV/s [6,15,19,21] or 30mV/s [25], 
we further verified the influence of the scan rate on PEC water splitting performance using the 
combined co-catalysts Co-Pi+Co(OH)x/Ta3N5 nanotubular photoanodes.
 
Figure 4b shows the 
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photocurrent transients with three different sweep rates. It is clear that, when the sweep rate 
increases from 2 mv/s up to 30 mV/s, an increase in the photocurrent response from 3.1 mA 
cm
-2
 up to 4.7 mA cm
-2 
at 1.23 V vs RHE is observed. A likely explanation is that, at higher 
scan rates, the photocorrosion is less contributing to the photocurrent response. Additional 
photostability measurements (data not shown) of the cobalt co-catalysts loaded Ta3N5 
electrodes show similar trends as reported in literature [26]. In average, approx. 25% of the 
initial photocurrent remains after prolonged irradiation. 
4. Summary 
In the current work we present a successful method for obtaining open top 
morphology and high aspect ratio (~ 4µm) Ta2O5 nanotubes. The well-adherent nanotubular 
layers are grown by an electrochemical anodization process in very specific conditions, i.e at 
high temperature (80°C), “double step anodization” and ramping. After conversion, the Ta3N5 
nanotubular layers yield a photoelectrochemical current response of 4.7 mA cm
-2 
at 1.23 V vs 
RHE when a combined co-catalyst Co-Pi+Co(OH)x treatment is used. From the present 
results, it is clear that an open top morphology of Ta3N5 nanotubes leads to an improvement in 
the PEC water splitting performance.  
5. Acknowledgements 
The authors would like to acknowledge financial support from ERC, DFG within the 
SPP 1613 and the Cluster of Excellence (Engineering of Advanced Materials) of the FAU. 
Anja Friedrich is acknowledged for SEM. 
11 
 
References: 
[1] H. Masuda, K. Fukuda, Ordered metal nanohole arrays made by a two-step replication of 
honeycomb structures of anodic alumina, Science 268 (1995) 1466-1468.  
[2] A. Ghicov, P. Schmuki, Self-ordering Electrochemistry: a Review on Growth and 
Functionality of TiO2 Nanotubes and other Self-aligned MOx structures, Chem.Commun. 
(2009) 2791-2808.  
[3] K. Lee, A. Mazare, P.Schmuki, One-Dimensional Titanium Dioxide Nanomaterials: 
Nanotubes, Chem.Rev. 19 (2014) 9385-9454. 
[4] P. Roy, S. Berger, P.  Schmuki, TiO2 nanotubes: Synthesis and Applications, Angew. 
Chem. Int. Ed. 50 (2011) 2904- 2939. 
[5] J.Y. Duan, W.D. Shi, L.L. Xu, G.Y. Mou, Q.L. Xin, J.G. Guan, Hierarchical Nanostructures 
of Fluorinated and Naked Ta2O5 Single Crystalline Nanorods: Hydrothermal Preparation, 
Formation Mechanism and Photocatalytic Activity for H2 Production, Chem. Commun. 48 
(2012) 7301-7303. 
[6] Z. Su,, L. Wang, S. Grigorescu,  K. Lee, P. Schmuki, Hydrothermal Growth of Highly 
Oriented Single Crystalline Ta2O5 Nanorod Arrays and their Conversion to Ta3N5 for 
Efficient Solar Driven Water Splitting, Chem. Commun. 50 (2014) 15561-15564. 
[7] C. Zhen, L.Z. Wang, G. Liu, G.Q. Lu, H.M. Cheng, Template-free Synthesis of Ta3N5 
Nanorod Arrays for Efficient Photoelectrochemical Water Splitting, Chem. Commun. 49 
(2013) 3019-3021. 
[8] J.Q. Hou, Z. Wang, C. Yang, H.J. Cheng, S.Q. Jiao, H.M. Zhu, Cobalt-bilayer Catalyst 
Decorated Ta3N5 Nanorod Arrays as Integrated Electrodes for Photoelectrochemical Water 
Oxidation, Energy Environ. Sci. 6 (2013) 3322-3330. 
12 
 
[9] I. Sieber, B. Kannan, P. Schmuki, Porous Tantalum Oxide Prepared by Electrochemical 
Anodic Oxidation, Electrochem. Solid State Lett. 8 (2005) J10-J12. 
[10] W. Wei, J.M. Macak, P. Schmuki, High Aspect Ratio ordered Nanoporous Ta2O5 Films 
by Anodization of Ta, Electrochem Commun. 10 (2008) 428- 432. 
[11] X.J., Feng, T.J. LaTempa, J.I. Basham, G.K. Mor, O.K. Varghese, C.A. Grimes, Ta3N5 
Nanotube Arrays for Visible Light Water Photoelectrolysis, Nano Lett. 10 (2010) 948-952. 
[12] H.A. El-Sayed, V.I. Birss, Controlled Interconversion of Nanoarray of Ta Dimples and 
High Aspect Ratio Ta Oxide Nanotubes, Nano Lett. 9 (2009) 1350-1355. 
[13] Y.Q. Cong, H.S. Park, S.J. Wang, H.X. Dang, F-R. Fan, F.C.B. Mullins, A.J. Bard, 
Synthesis of Ta3N5 Nanotube Arrays Modified with Electrocatalysts for Photoelectrochemical 
Water Oxidation, J. Phys. Chem. C 116 (2012) 14541- 14550. 
[14] R. V. Gonçalves, R. Wojcieszak, P. M. Uberman, S. R. Teixeira, L. M. Rossi, Insights 
into the Active Surface Species Formed on Ta2O5 Nanotubes in the Catalytic Oxidation of 
CO, Phys. Chem. Chem. Phys., 16 (2014) 5755-5762. 
 [15] Z. Su, S. Grigorescu, L. Wang, K. Lee, P. Schmuki, Fast Fabrication of Ta2O5 Nanotube 
Arrays and their Conversion to Ta3N5 for Efficient Solar Driven Water Splitting, 
Electrochem. Commun. 50 (2015) 15–19. 
[16] S. Grigorescu, B. Bärhausen, L. Wang, A. Mazare, J.E. Yoo, R. Hahn, P. Schmuki, 
Tungsten Doping of Ta3N5-nanotubes for Band Gap Narrowing and Enhanced 
Photoelectrochemical Water Splitting Efficiency, Electrochem. Commun. 51 (2015) 85-88. 
[17] P. Zhang, T. Wang, J. Zhang, X. Chang, J. Gong, Bridging the transport pathway of 
charge carriers in a Ta3N5 nanotube array photoanode for solar water splitting, Nanoscale, doi: 
10.1039/c5nr03013g 
13 
 
[18] L. Wang, N.T. Nguyen, X. Zhou, I. Hwang, M.S. Killian, P. Schmuki, Enhanced charge 
transport in Ta3N5 nanotube photoanodes for solar water splitting, ChemSusChem accepted. 
[19] Y.B. Li, L. Zhang, A. Torres-Pardo, J.M. Gonzalez-Calbet, Y.H. Ma, P. Oleynikov, O. 
Terasaki, S. Asahina, M. Shima, D. Cha, L. Zhao, K. Takanabe, J. Kubota, K. Domen,  Cobalt 
Phosphate-modified Barium-doped Tantalum Nitride Nanorod Photoanode with 1.5% Solar 
Energy Conversion Efficiency, Nat. Comm. 4 (2013) 2566. 
[20] Y.B. Li, T. Takata, D. Cha, K. Takanabe, T. Minegishi, J. Kubota, K. Domen, Vertically 
Aligned Ta3N5 Nanorod Arrays for Solar‐Driven Photoelectrochemical Water Splitting,  Adv. 
Mater. 25 (2013) 125-131. 
[21] M.X. Li, W.J. Luo, D.P. Cao, X. Zhao, Z.S.Li, T. Yu, Z.G.  Zou,  A Co-catalyst-Loaded 
Ta3N5 Photoanode with a High Solar Photocurrent for Water Splitting upon Facile Removal 
of the Surface Layer, Angew. Chem. Int. Ed. 52 (2013) 11016-11020. 
[22] D. A. Vermilyea, The Kinetics Of Formation And Structure Of Anodic Oxide Films 
 On Tantalum, Acta Metalurgica 1 (1953) 282-294. 
[23] J. M. Macak, P. Schmuki, Anodic Growth of Self-organized Anodic TiO2 Nanotubes in 
Viscous Electrolytes, Electrochimica Acta 52 (2006) 1258–1264 
[24] J.M. Macak, H. Hildebrand, U. Marten-Jahns, P. Schmuki, Mechanistic Aspects and 
Growth of Large Diameter Self-organized TiO2 Nanotubes, Journal of Electroanalytical 
Chemistry 621 (2008) 254–266. 
[25] J. Feng, D. Cao, Z. Wang, W. Luo, J. Wang, Z. Li, Z. Zou, Ge-Mediated Modification in 
Ta3N5 Photoelectrodes with Enhanced Charge Transport for Solar Water Splitting, Chem. 
Eur. J. 20 (2014) 16384-16390. 
[26] L. Wang, F. Dionigi, N.T. Nguyen, R. Kirchgeorg, M. Gliech, S. Grigorescu, P. Strasser, 
P.Schmuki, Tantalum Nitride Nanorod Arrays: Introducing Ni-Fe Layered Double 
14 
 
Hydroxides as a Cocatalyst Strongly Stabilizing Photoanodes in Water Splitting, Chem. 
Mater. 27 (2015) 2360-2366. 
 
 
15 
 
Figure captions: 
 
Figure 1: Current vs anodizing time profiles for different anodization temperatures (RT, 40°C, 
60°C and 80°C). 
 
Figure 2: (a) Top and cross-section SEM images for Ta2O5 nanotubes grown at 60V for 10 
min with four different anodization temperatures (RT, 40, 60 and 80°C). (b) Length vs time 
curves for all tested anodization temperatures; the inset shows the growth rate (µm/C) vs 
temperature (°C). 
 
Figure 3: (a) Top and cross-section SEM images of nanotubes grown at 80°C, on pre-dimpled 
substrates using a “double step anodization” method: Ta2O5 nanotubes without ramping, 
Ta2O5 and Ta3N5 nanotubes with ramping; (b) Photocurrent-potential curves of a closed 
Ta3N5 layer (reference) and open Ta3N5 nanotubes grown by two steps anodization with and 
without ramping. Co(OH)x was used as co-catalyst  and spectra were obtained under chopped 
AM 1.5G simulated sunlight in 1 M KOH solution (pH=13.7) and a scan rate of 2 mV/s; (c) 
XPS depth profile measurements of loading distribution of the Co(OH)x co-catalyst on 
different nanotubes (open vs closed). 
 
Figure 4: (a) Photocurrent-potential curves of open Ta3N5 nanotubes loaded with different co-
catalysts (Co(OH)x, Co-Pi, Co(OH)x+Co-Pi and Co-Pi+Co(OH)x) under chopped AM 1.5G 
simulated sunlight in 1 M KOH solution (pH=13.7) and a scan rate of 2 mV/s; (b) 
Photcurrent-potential curves for Co-Pi+Co(OH)x/Ta3N5 electrode with different scan rates 
(2mV/s, 10 mV/s, 30 mV/s). 
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